© Versita Sp. z o.o. Diamond D 5 is the name proposed by Diudea for hyper-diamonds having their rings mostly pentagonal. Within D 5 , in crystallographic terms: the mtn structure, known in clathrates of type II, several substructures can be defined. In the present work, the structural stability of such intermediates/fragments appearing in the construction/destruction of D 5 net was investigated using molecular dynamics simulation. Calculations were performed using an empirical many-body potential energy function for hydrocarbons. It has been found that, at normal temperature, the hexagonal hyper-rings are more stable while at higher temperature, the pentagonal ones are relatively more resistant against heat treatment.
Introduction
Carbon nanostructures have been paid attention in the recent years because of their potential applications in nanotechnology [1] . Among the carbon structures, fullerenes (zero-dimensional), nanotubes (one dimensional), graphene (two dimensional), and diamond (three dimensional) were most studied [2] . Besides the electronic properties of these nanostructures, their mechanical characteristics have great importance, as some composites can overpass the resistance of steel or other metal alloys.
Dendrimers are hyper-branched nano-structures, made by a large number of substructures called dendrons/monomers, and can be functionalized at terminal branches, thus having wide range of applications in chemistry, medicine, etc. [3] [4] [5] . The monomers in dendrimers adopt a spherical shape (around a central branching point) rather than forming linear chains. Diamond D 5 is a hyperdiamond designed on the mtn crystal structure, appearing in clathrates of type II [6] [7] [8] [9] . This lattice belongs to the space group Fd-3m, has the point symbol: {5 5 .6}12{5 6 }5, 4, 4, 4-c of a trinodal net [10] . This hyperdiamond (Fig. 1, left) can be understood as a coalescence product of the small fullerenes C 20 and C 28 , in the ratio (2:1). Each face is shared by two cages, and each atom is shared by four cages. Looking from C 28 fullerene, the co-net looks like the structure shown in the right-hand side of Fig. 1 . Since the percent of pentagonal rings consisting this structure, mostly formed of sp 3 carbons, trends to 90, it was named by Diudea [4] the diamond D 5 . The repeating unit of D 5 is C 34 (a C 20 -based structure, Fig. 2 , left) while Diudea and Nagy [9] proposed the centrohexaquinane C 17 (Fig. 2, right) as the seed of this diamondoid. C 17 is supposed to dimerize, by a synchron cycloaddition, to 2×C 17 =C 34 . It is worthy to note that the wings in the case of C 34 (Fig. 2, right) can have a stabilizing effect in comparison to C 20 .
There were remarkable efforts in the synthesis of dodecahedral cage C 20 , either as fullerene or hydrogenated species [11] [12] [13] [14] . Also there has been remarkable endeavor to synthesize the centrohexaquinane C 17 , both as oxygen-containing heterocycle [15, 16] Structural stability of diamond D 5 substructures is lessstudied. In the present article, we investigated the structural stability of such substructures under heat treatment by performing a molecular dynamics (MD) computer simulation, using an empirical many-body adaptive intermolecular reactive empirical bond order (AIREBO) potential energy function which is developed for hydrocarbons.
Experimental procedure
All the diamond D 5 substructures are fully hydrogenated ones. The studied structures were optimized at the semiempirical PM3 level of theory and then submitted to the MD simulation procedure. Canonical ensemble molecular dynamics was used for the simulation. Within this ensemble the number of atoms N, the volume V and the temperature T are considered constants while velocities are scaled with respect to T, ensuring that the total kinetic energy and hence the temperature is constant (isokinetic MD). The initial velocities follow Maxwell distribution.
The empirical many-body adaptive intermolecular reactive empirical bond order (AIREBO) potential energy function (PEF) developed for hydrocarbons [19] , provided by LAMMPS software [20] , was used to investigate the stability of nanostructures at increasing temperatures. This parameterized potential adds Lennard-Jones and torsional contributions to the manybody REBO potential [21, 22] . It is similar to a pairwise dispersion-repulsion potential while adding a bond-order function modulates the dispersion term and incorporates the influence of the local atomic environment. Through this interaction, individual atoms are not constrained to remain attached to specific neighbors, or to maintain a particular hybridization state or coordination number. Thus, at every stage of the simulation, it made possible the forming and breaking the bonds. This potential is derived from ab initio calculations, and therefore it is well adapted to classical molecular simulations of systems containing a large numbers of atoms such as carbon nanostructures.
The equations of particles motion were solved using the Verlet algorithm [23, 24] and the temperature was gradually increased by 100 K at each run. One time step was taken to be 10 -16 seconds and at each run a relaxation with 5000 time steps was performed. This time was checked to be the adequate time for system relaxation since the stability of the simulations was examined using the root mean square deviations (RMSDs) of the atoms in the nanostructures.
Results and discussion
Molecular dynamic MD calculations were performed on the structures presented in Figs. 3 and 4 . The last number in the symbol of structures refers to the number of carbon atoms.
When we discuss about diamonds, we consider structures consisting mostly of sp 3 hybridized carbon atom. This is the main reason we made all calculations on hydrogenated species, even is conceivable that fragments can appear as non-hydrogenated ones. However, the four-valence state is preserved. Table 1 shows the energetic data calculated using PM3 method. These calculations reveal that the hexagonal hyper-rings are more stable than the pentagonal ones, either with a hollow or filled one, as in the case of lens-like structures (Table 1, A. Kyani, M. V. Diudea and 10). There is one exception: the empty hexagon of C 28 fullerenes ( (Fig. 3) and up to 1500-2000 K, for the C 28 -based structures (Fig. 4) . The three numbers at the figure bottom, represent temperatures, in K, for: geometry modifications, topology changes, and major destruction of the structure. The structures in Fig. 5 show elongated bonds (i.e., broken bonds, marked by orange color) at temperatures above 2000K. Question about structure preserving must be addressed when more than one broken bond will appear (see the bottom row, Fig. 5 ). Above 2500 K, the complete destruction is expected for all the three structures discussed, as shown in Fig. 5 . For two structures (those with only two temperatures on their bottom) the topological changes were not observed. In the case of the basic fullerenes the data are: C 20 H 20 ; 2700, 3000, K and C 28 H 28 ; 2500, 2600, 3000 K. Among the frequent topological changes, the most important one is the expansion of two pentagons sharing an edge to octagon and also the apparition of trigons, squares or larger rings, before the structure dramatically decomposes.
It is obvious that the structural changes will affect the energetics of the system. The total energy versus temperature for three of the considered systems is illustrated in Fig. 6 . As one can see, the total energy of system is increased during the heat treatment and it can lead to structural changes.
The MD data agree with the PM3 data in the fact the C 20 -based structures are more stable that the C 28 -ones, which corresponds to the higher stability of diamond D 5 compared to lonsdaleite L 5 [10] . At higher temperature, the five-fold hyper-rings seem to be more stable, at least in the isolated fragments (see Figs. 3 and 4) . Keeping in mind that such fragments can appear either in the synthesis of D 5 or in its destruction, their knowledge is of real interest. It is important to know the limit temperature, e.g. in the annealing process of the repeating unit C 34 in the possible synthesis of D 5 . Conversely, in the analysis of such diamondoids, the possible fragments appearing in the destruction of their lattice must be known.
The results of the present work show the stability of diamond D 5 substructures at high temperatures and open the door to the synthesis of these yet hypothetical structures and materials with possible applications in nanotechnology.
Conclusions
In this paper, substructures/fragments related to the D 5 diamond (and its relative L 5 lonsdaleite) were constructed and investigated for stability, by both static PM3 calculation and molecular dynamics simulation procedures.
The results show a good stability of several hyperrings made from the small fullerenes C 20 and C 28 , modulated function of the central hollow and the type of consisting small cages. At normal temperature, the hexagonal hyper-rings are more stable (as given by PM3 data) while at higher temperature, the pentagonal ones appear more stable, at least as isolated fragments. The substructures belonging to D 5 and L 5 showed a pertinent stability, even increased in the infinite corresponding lattice.
The actual study employed the molecular dynamics simulation in finding the temperature limits for the most important events in a molecule: changes in topology and next its destruction. Our findings can be used in the design and synthesis of new strong structures, with possible applications in nanotechnology.
